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Abstract. We present recent results on single particle transverse miomentum
distributions of pions, kaons. and protons, measured in CERN kKxperiment
NAA1, of 200A-GeV /e S4+5 and 158A-GeV /e Ph+1'b central collwious. Hy
comparing theso data with thermal and tranaport modela. freeze out parameters
liko the temperature 1y, and the chemical potentiale (24, 11, are exteacted and
discussed.

1. Introduction

The physica motivation of ultrarelativistic icavy-ion callisions in 10 prepare nudear
watter with high baryon and onecgy demsition, and hope to reach a new form of
madter ealled quark-gluon plasna. Ny atudying the decay of Lthe system, we will
gain kiowledge of strong internctions under these extranie conditions and shed light
ohi the purete of quark confincnwat.

‘T'he tirchall crcated in thew collimons contains a finke wnlaer of partickos
and itw life tine and spatial size aee also hooted, Parthecmor, due (o Ui finite
internction crone acction aswng iadions, slatistioally Uw lrecw-out occues Tron
the: outside toward the jnside of the firehall. Qne iy isagine Lthat fice dhecning
hindrous are evaporated from tho firabadl surfoca.  Pherefore it is Importaot to
understand if the fludd hindron spectra ago thow of a theaualed system, snd if e
u,d, and v quark distributionw follow the stutistical wesglits. “Dhis has boea & suligoct
of intereat for many years, see refik. [1-{7). ln this puper, afier a briet deseniption
of the NAAL experuuent, we will Jdiscusa the (ransvacse motmientum disttihutions
of pioiis, knons, aod protons fromn 200 A GaV/e SN and 16 A GeV/ie Phi iy
eentral colliviona, Fro thus study. the frevie ont temperatuee parameter 14, far
ultearelativiatic heavy. ion collicionn n established. In order to gam wnsight it che
chertteal properties snd the possible medim etlectn (8] 1n the produced Heebali,
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Freeae-out Conditions in Ullrnrflnr.ivis_l_ic Meavy-Ton Calligions 2

we then mindy particle rtion o exteact the w(d) aud & quark chiemical potentinl
parmmnclers e, 41,).

2. CERN Experiment NA44

The NALL apectrometer in designed to measure one- and two particle distributions
of charged hadrons near the centar of ma eapiditly (gmig & 3) over a Lransvirse
niomeatuin rmage of 0< pr €1.8 GeV /e, Threshold Cherenkov counters and tine-
of-llight. (TOE) scintillator hodoncopes are waed for particle identification and nwe-
mentum revanatruction. The TOF resolution is about 100ps and nionwntuniapread
is about ép/p 2 0.5%. The interaction trigger is provided by two scintillator pad-
dlews placed downatronni of the target. For AA collicions, the trigger ¢ross s fion is
appraximately deryg/dgcom 53 10%, while for pA collilons a mininwm bias trigger
wan used. More details of the apectrnewer ean be ol clacwhero (9, 10).

The energy of the protan bemn is 450 GeV, ypva = 3.44; for L Sulphr
bow, it s 200 A-GeV with yyny = 3.03; and for U lead beana 168 A-GeV with
yon = 290 Tin the followiug discumions, wo will focus ou the 8 GeV /e monwntum
sotling. Tore the apectrometer havo eapidity span of (2.76 - 2.95) and (2.0 - 2.8)
for kaons and protans, respectively. tn order (o use pions fra the mid rapidity
region, low pp part of pion data was taken from the 4 GeV /¢ sotting and high pp
part was taken (rawn the 8 GeV /e setting,.

3. Results and Discussion

In hcavy-ion physics, particle dintributiona are ofien shown in two diecclions: the
longitudinal dircction which is slong the beam (2) direction and the transverse
direction, perpeudiculur to the heam direction. The variable vsed (or the longitu-
dina) divtribution is eapidity y = 0.8/0g(F + p,)/(F = p,) aud the variuble wed for
tronwverse diatributions is either the teansverse womztwn pr = (2 4 p2)'? or
tennsverse kinetie energy k1 = my — mam.!

Proton rupidity distributions {11} frome the PhaPh collivions show o 1ather
large number of protowe piled uge arsnd mideapldity, implying, that evon wt the
CERN anerpy, o high degres of stupping in nchievad. The strong Coulonb effeet {12,
18] olwerved in the PhwPl collimionn providen additional evidenee of bigh nudeas
stOpping

Al the high prp litit, » Lentmverme Kineble cuergy distribuithon can be repre
sentad by a almple exponeatinl function: esp(-mp/TY 7 llere T° in the slope
paratneter. The wngnitiyde of the dlopn paratcter cop povide tuloriuation abiout
collactive Lennaverse flowv, and deviations fron e exponential distelbutlon may
wigral wew physics ke de low g endimsncenaent, mediaim effecta {8 ofe.

[PV

ViTmivem otberwien poted A ve ¢ m ).
Nota that the eaponcutlal sliupe ie ouly wodetent with o tdiwrwal dstribution, tut ot nec-
ovnucily a guud of deermalization.

DISCLAIMER

This teport wag prapared us an account of work sponsored by un agency of the United States
CGuverameal, Nelthar the Unitled States Governmant nue any agonuy ool aw asy of thelt
emplryees, mubes any warranty, eaprew or fmplied, o ecsumes oy lagnl Halvlity o reeumnd-
bllity fut the sccuracy, completences, of wsefulnems of any (Rformalivn, appassting, Product,
prucess dleclosid, or tepresents that (s wee would aut lnfrings peivaiely owned 1ights Refers
ence hereln (o any ipecifee commaercial (roduct, praness, o servivt by trade nasie, (rademsark,
manufacturer, or othoraivg duse t0t neossarily constitute of imply W eadoresment, tecum
mendation, o favering by the United States Coveramnnt of uny ugency thormd T view
and oplaiums of suthets enpreddod borain do sl sevesnisil) slale o refloct thusa of Lhe
Unlied Statem Chwarament w any sgonty thero!
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3.1. Transverse Momentum Distributions

Figure | shows the transverse kinetic energy distributious of chinrged pions, knons,
und protona. The dashed lines rapresent an exponential fit (0 the distrilindione
and the fitted slope paramotars are indicated in the figure. 3 Fiost of all, the ex:
poncntial functions it the data well excepl for piona in the low pp region, whera
the contributions of resonance decays becuuie importaat. Secondly, the slope pa
rameters incroase a3 particls mass increases and this in independent of the aign of
the particles. T make this point clearer. we suminiarize the slope paramotors of
pions. kaons, and protons fro 1 three collision aystems: p+p [14] (V& & 23GeV),
S48 (va s 19.4A-GeV), mid Ph41b (/s % 17.3A.-GeV) in Fig 2 where the slope
paramcters T are plotted against particle mass,

'l
—~ . v -—

Y T

V/m dN/dm (a.u.

Flgure 1. NA4{ pieliminacy trana.
verae momentum disteibutiona for
pivns, Laona. and protons,

A distinet difference between the olomentary p+p collision and heavy-ion col.
lisions cen be seen iu the slope parameters. It s alus interesting to obeerve that
all curves ccnverge to a poiut about 1y, mv 146 £ 16MoV at the limit mass — ¢
as indicated by the shaded bars in the plot. Iu hydrudynamics, matter tlows, v.¢.,
all particles flow at a same collective velocity., Classically, the collective kinetic
energy will then depend on tha pasticle inasy: particles with higher maes will carry
highee enaegy. ‘Lherelore the slope parnmeter in 8 mennire of the enargy of the
traraversn moviou, The teansverse motion containe both thertunl (random) and
collactive modes. ‘The intrinsie freere out temperature in only determined hy the
thermal motion,

For p4p eolhwious, due to the snturation of the phave-apaee, the finni hadron
dintribitions shuw chnencterintie of Qiwetnaligation [1, 1%, 14] Thad the adoge pr.

oo avabd Ui dinsti i coimal Ly high taes ceoonainos i the gion speatin, (e 1 in bu L)
w2 eV
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rameter may reflects the true freeze-out temperature. This s supported by the
fact that the dope parameters of pion, kaon and proton are very sinular, around
150 MeV, However, for heavy-ion collisions, rescatioring becomes more and more
important and a collective trangverse motion gradually develops. ‘The dlopes in
the T-mass plot indeed demonstrate wuch characteritic hydrodynamic hehavior,
Furtherinore, as one can wee from whe figure, the heavier the colliding systern, the
stecper the slope in the plot.
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Flgure 2, Slape parmneter T an 0 [unction of pavticle mass for pap [1{], S48, and
P P conirnl collisions. The AA dala are preliminary,

it s worth noting that very ainilar behaviar ean e found at the AGS energios
(Fsoam 5 10 = 16A-GeV) Tlw characteristic freezceout temperature Ty, in nloo
about 130 MeVt On the other haud, al lower cnargion, Fpoam & 0.2 = 5A GeV,
one fluds that Ty, docrensos drmatically s the heam energy decrcaacs.  This
obmervation implics that the freese out temperatura Ty, aatueatos sroumt 160 MoV
al & e casrgy of about 10 GeV as already discusacd in el [2, 3, 17).

3.2. Particle Ratios

Having ftixed the freeve-out temperaiure puramcter Ty, we ituw taru to the issue
of chetnleal patentinle. Ansuming chiomienl cquilibrivmn, this informution can he
oxtracted from che mennured particle ration, ‘The MNA44 specironmeter eag mennire
particlen of both signa at the same pp und g window U iv thersfore au unique
advantage for studying the particles production ratios vitice iany syw ematic senws
will eancel out. Tn Fig. 3, the prelinnary K- /K'Y aad p/p ention are showen e w
funetion of eapldity for both § | $ and Ph41°h central colliwions. Meoded predictions?
of RQMIXv1 0R) [18] nud VENTS(v4.12) [18] nee represented by dundedd ugd solid
Ve, regpectively  The ayetemntic cerom an the ention loe Pha Pl callisions ace

'.‘T.-I;TALMINI wely wﬁuﬁiu&l with the ebuilat conteality ent an ke b Wiy sxpaciines,
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estimated to be about 15%. The main contributors to the rather large error bars
are centrality determination and piva-veto corrections. For the S S callisious, the
systematic errors are about 11%.

JR—

Figure 3. NAY4 prelimn-
wary K= /K* and p/fp ra.
tivs, QOpes civclea are mar-
red abont the central vapid.
dy of 3.0 and 2.9 for S5+5 and
Pbi b ceutral collisions, e
spectiecly. RQMUD(e1.08) awd
VENUS(w§.12) predichions are
shownu in dashed and solid

line s,

NiphariMp

e ’.:i"! FYUEY ““:1 '. -.' . Es‘i i
e ;::::ﬂ'is.'::l.':!x.’;;::'::;:::;:t g.:f '

T A R i R U el e k] e T
oA A0 et oy z

0 ? L) [ 1) 2 4 L}

In case of p 1o p ratio, both mudel predictions devinte frotn the duta by
factor of 3 for the light colliding system S48, For the Pb4+Pb collisions, RQMD
scems 10 give a better reyulve. However, for kaons, both model always overpredict
the ration. It is clear Liere that much work has (o be done in order to understand
the detnils of the particle production in heavy-ion collinionn

Particle dennity ratios determine the quantity: s /T2 % At the quurk level,
there are two chemical potemtinle yg and g, for light snd sirsngo gqunrkn, respece
tively. The relatinnship bhetween the bayonie and quark charnical polentinly enn
be found in seveeal eeflorencen, for example, eef. {7, 21]. Awuaring the condition
of chemienl equililirinm, thie valuew of (gt 41,) can b exteacted Trom the mensured
puclicke rative, The cesults of thin analyvin Tecn U p/p sd K= /K cation sround
mid-rapidily ste listed in Tuble |

‘Dnble L. Light and strang quark chemical potentiale (4, p,) ¢xtracted from $15 and
Db ¢ b central cothnons, (All results are obtamed from the mid-rapidity region.y

UGN

e (MOV) | g (MeV)
20AGeVSES fl 6348 ¢ ~00
JOBAGeV b1 | TLLLR 812

Within the madal crmnidered hore, the rentilta ace net dependent oo how une

- ;Ho.n- Tf: lu thr chemienal frame-aut cnmgrerntine paesiiet o whieh b degermioed by the praticle
ralin sludy, Hew helow far more detallad discasaon
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trenls the collective flow hecnume only particle ratios are used. On the one hand,
within the experimental error bare, the values of the chemical potentials are con.
sistent with the values found in ref. [6, 22], even thongh particle meass up to 2 GeV
and strange quantum muber of $=2 were included in those studien. This may
simply reflect, the fnet that once equilibrium is established, a subset of the data is
sufficient. to extract the thermal parameters. On the other hand, from the ratio
analysis of 200A-GeV /¢ 9-‘~eam induced collisious S+ Pb (W), the chemical freco-
out temperature parameter 1 is found consistently higher than 150 MeV, s.c.,
'I‘“ 5170 ~ 200 MeV. Since the fireball produced in the heavy-ion colligions is an
opon thermodynamu system and the inclistic procoss requises more cnergy thas
elastic process, it is conccivablo that tho chemical freeke-out inay occur carlicr Lhas
thermal one {21].

Bocauss of their large interaction cross section, antiprotons provide a utigue
prabe of the hadronic environment. By atudying the antiproton distribution, oue
gNina information on dynamic proceases such as pair production, annihilation. and
mean-ficld-effocts of the fircball. Aa has heen noted by Gavin et al, (23] the p/p
ratios arc uscful to understand the spacetime avolution of bharyons in heavy ion
collisiona. Experiment NA44 {24, 25 has measured proton and antiproton spectra
with high atatistics and haa compared resulta of p4-p. p+A. and A+A collisions in
the same gpectromoter. Fig. 4 showa the mid-rapidity p/p ration all the way from
the clemncntary collision p+p to the truly heavy-ion I'b+ b collisions.

... NA# Preliminury @ |
F i A ¢ d
i : ¢t e - -
' gure 4. NAJ4 prelininarvy p to p
a !‘%Qm . ; rudios fur acoerad projectile und target
10 - v :-:__:: 8 comhinalions. pp reanlts v laken from
; R ¢ ] wof. [14].

A “* P e S M

in high energy p+} collisious [20], pair creation is the largest acanrce of central
1 and . This implien that antiprotons are always produced witl secompanying
predona, In the case of leavy-lon collisione where a large nimber of preotonn are
alu ahifted from the turget il projectila o the mid-rapidity region, e p/p
cabio will further decrease compare ! ta that of proton induced colliasiona. Thia is
conpisten’ with the olwerved wystemintic tiends, However, the mew uted ratlos are
the combinal cosults of pacticle production at the catlict collision elage and later
wonihillation.
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4. Summary

We have discussed thic results of mid-rapidity tranaverse momentum diatributiona
of pions, kaous, and protons from p4p, S+S and Pb+Pb central collisious. The
systematics of the data strongly suggests a freezc-out tommporature of Ty, & 145115
MeV for collisions above beain cacrgy ~10 A-GeV. Currant results of cascade mod-
els RQMD(v1.08) and VLNUS(v4.12) caanot fully reproduce the obaerved particle
ralive. Systcmatic results of i/p ratica, from p+p to Ph4Pb cantral collivions,
studicd with the NA44 spectromoter wera also presentad. Such fong awaited infos-
mation should help to understand the collision dynamica.

All of vur discussiona were bascd on the measured light hadrons at the freeze-
out stage. If thermnal and cheniical equilibria are indeed reacld, information on
the carlicr stages of the collision is losl. In order to get iusight iuto the ivitial
condition of heavy ion collisions, we need w investigate the distributions and yiehls
of leptons nd photona and poasaibly high 1waes mnulti-strange revonances.
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